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ABSTRACT 

We discuss phenomenological aspects of no-scale supergravity inflationary models motivated by 
compactified string models, in which the inflaton may be identified either as a Kahler modulus 
or an untwisted matter field, focusing on models that make predictions for the scalar spectral 
index Ug and the tensor-to-scalar ratio r that are similar to the Starobinsky model. We discuss 
possible patterns of soft supersymmetry breaking, exhibiting examples of the pure no-scale type 
772-0 = -Bo = d-o = 0) of the CMSSM type with universal Aq and ttiq 7 ^ 0 at a high scale, and of 
the mSUGRA type with Aq = Bq + ttiq boundary conditions at the high input scale. These may 
be combined with a non-trivial gauge kinetic function that generates gaugino masses 7221/2 A 0) 
or one may have a pure gravity mediation scenario where trilinear terms and gaugino masses are 
generated through anomalies. We also discuss inflaton decays and reheating, showing possible 
decay channels for the inflaton when it is either an untwisted matter field or a Kahler modulus. 
Reheating is very efficient if a matter field inflaton is directly coupled to MSSM fields, and both 
candidates lead to sufficient reheating in the presence of a non-trivial gauge kinetic function. 
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1 Introduction 


One of the biggest challenges for string theory is how to connect with particle and/or cos¬ 
mological experiments. No-scale supergravity Bra is the natural framework to seek such 
connections, for many reasons. On the one hand, physics at scales hierarchically smaller 
than the Planck scale is expected to be protected by approximate supersymmetry, which 
should be local and combined with gravity in some supergravity theory. No-scale super¬ 
gravity is the most appropriate form, since it emerges naturally as the effective low-energy 
theory derived from compactified string [3], and yields a positive semi-dehnite potential at 
the tree level, thus lending itself naturally to cosmology. Moreover, no-scale supergravity 
has recently emerged as a very effective framework for models of cosmological inflation, as 
discussed in [H-126]. yielding models whose predictions can interpolate between those of the 
Starobinsky model [27] and chaotic inflation with a quadratic potential |28] . 

This paper is concerned with two fundamental issues in such no-scale models of in¬ 
flation, the incorporation of supersymmetry breaking and the identihcation of the inflaton 
held. Particle experiments hope to constrain the pattern of soft supersymmetry break¬ 
ing, which is sensitive to the form of the effective supergravity theory, and the break¬ 
ing of supersymmetry alters the form of the effective inhationary potential, in general. 
Scenarios for supersymmetry breaking within the minimal supersymmetric extension of 
the Standard Model (MSSM) that are frequently studied include the constrained MSSM 
(CMSSM) in which the soft supersymmetry-breaking scalar masses mo, bilinear terms 
Bo, trilinear terms Aq and gaugino masses mi /2 are universal at some input scale [29|. 
An interesting special case is that found in minimal supergravity (mSUGRA), where 
Aq = Bq + mo [301131]. On the other hand, no-scale supergravity naturally leads to the 
input conditions mo = Bo = Ao = 0 inEi. Generating mi /2 7 ^ 0 requires a non-trivial 
gauge kinetic function in the ehective supergravity theory, as may be generated in the 
underlying string theory or through anomalies [32] as in the case of pure gravity media¬ 
tion (PGM) [33l[3l]. As we discuss in this paper, GMSSM, mSUGRA, no-scale, and PGM 
boundary conditions may all be generated within the no-scale inhationary framework. 

On the other hand, cosmological observations are providing ever tighter constraints 
on models of inhation, via measurements of the tilt in the spectral index of scalar pertur¬ 
bations, Us, of the tensor-to-scalar perturbation ratio, r, and of non-Gaussian parameters 
such as fisiL [35]. The measurements of Ug and r, in particular, constrain the form of the 
inhationary potential and the number of e-folds, providing information about the form of 
the ehective supergravity theory, the identihcation of the inhaton, and the couplings that 
control its decays. As we shall see, these decays, and hence the reheating temperature 
following inhation and the predicted values of rig and r are sensitive not only to the iden¬ 
tihcation of the inhaton held but also to the mechanism and magnitude of supersymmetry 
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breaking. 

The purpose of this paper is to study the interplay of these cosmological and particle 
constraints on the effective no-scale supergravity model of inflation arising from string 
theory, showing how no-scale inflation may thereby serve as a bridge between string theory 
and LHC physics. 

Section 2 of this paper contains a brief review of relevant aspects of the no-scale 
supergravity framework, and Section 3 introduces no-scale scenarios for inflation. Possible 
patters of soft supersymmetry breaking within these scenarios are discussed in Section 4, 
and inflaton decays and reheating are discussed in Section 5. Finally, Section 6 summarises 
our results and indicates possible directions for future work on no-scale inflation. 


2 Review of the No-Scale Supergravity Framework 

As was shown in |3], generic string compactifications yield no-scale supergravity as the 
effective held-theoretical framework for sub-Planckian physics. In a large class of string 
compactifications, including orbifold examples m, at the lowest-genus level the Kahler 
potential K for the dilaton and untwisted moduli fields has the general form 

K = - ln(^ + 5) - ln(T, + T^) - ln(f/,- + U ^), (1) 

* 3 

where S is the dilaton, the hrst sum is over the hi^i untwisted Kahler moduli Ti, and 
the second sum is over the ^ 2,1 untwisted complex structure moduli Uj. We recall that 
the untwisted Kahler moduli parameterise the sizes of the compactihcation tori, and that 
the complex structure moduli parametrise their complex deformations. In general, both 
^ 1,1 ^ 3 and h. 2,1 are model-dependent: here we assume the minimum value hi i = 3. We 
also assume that the dilaton S and the complex structure moduli Uj are hxed, as well as 
the relative sizes of the untwisted Kahler moduli, so that we may simplify 

-\n{S + S)-^\n{Ti + fi)-'^\n{Uj + Uj) ^ -31n(T + f), (2) 

* 3 

where we term T the volume modulus. Untwisted matter helds (pa niay then be included 
via the substitution 

T + f ^ T + (3) 

a 

Finally, we include in the lowest-genus effective Kahler potential twisted matter helds (pa 
with generic modular weights ria, arriving at 

A' = + (4) 
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which we use as the basis of our subsequent discussion. 

Equation ([4]) is not the only possible starting-point for no-scale inflation and particle 
phenomenology, since it embodies several assumptions about the moduli of the string com- 
pactihcation and their stabilisation, but it is sufficiently general to have several relevant 
and interesting features, as we explore in the subsequent Sections. 


3 Scenarios for No-Scale Inflation 

Supersymmetry offers a natural framework for constructing inflationary models [36] and, 
as the scales involved in these models approach the Planck scale, it is necessary to consider 
these models in the context of supergravity [37H3^ . The simplest of such models in both 
simple [38] and no-scale supergravity [1] make a very definite prediction for the scalar tilt 
in the microwave background anisotropy, namely = 0.933, which is now definitively 
excluded by Planck measurements [35]. In contrast, the Starobinsky model of inflation 
based on a. R + extension of gravity predicts Us = 0.965 [iQiai], in excellent agreement 
with the Planck value Ug = 0.9653 ± 0.0048. 

It was shown that no-scale supergravity could lead to a consistent R + extension 
of gravity [42], and the Starobinsky model of inflation was derived recently from no-scale 
supergravity models [121113]. Phenomenologically viable models of inflation in no-scale 
supergravity generally require at least two chiral superhelds. One of these helds is the 
volume modulus, T, and the other an untwisted matter field, 0. In what follows, we will 
consider the phenomenological consequences of both possibilities when both untwisted and 
twisted matter fields are added to the theory. In this context, we discuss supersymmetry 
breaking in the next Section, and scenarios for inflaton decays and reheating in the following 
Section. As we shall see, these issues are connected in non-trivial ways. 

3.1 No-Scale Inflationary Models and the Starobinsky Model 

In this simplest no-scale supergravity, the two complex fields, denoted here by (T, 0), 
parametrise a SU{2,1)/SU{2) x U{1) coset space, and the Kahler potential may be written 
in the form 

K = -3\n(^T + f- 

We recall that, here and throughout the paper, we assume that the dilaton held S has been 
hxed by some unspecihed dynamics. The effective Lagrangian stemming from this Kahler 
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potential has the form 


C = (T + T- 
where 


/3)-^(a^T,a^0) 


d^T\ 




1/ 


-0 T + T \d>^cf) (T + T-|0|V3)2 ’ 


V = \W^\^ + -(T + T)\W^\^ + - {W^{(t)W^ - 3hh) + h.c.) . 
3 3 


The kinetic terms and scalar potential are derived from 

and 




CB^^ot = -e^{.Gi{G-yjG-^ -2>), 
where the Kahler function G is dehned as 

G = K + \n\W\^ , 


( 6 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 


and hrst- (second-)order derivatives of G with respect to generic helds [and their conjugates] 
<h/[d)‘^] are denoted by G^[Gj\ {G^j). In ffTU]) we denote by WiT, 0) the superpotential, and 
= dW/dT, = dW/dcf). Unless explicitly denoted, we will work in Planck units 
Mp = 1, where Mp^ = SttG^ refers to the normalized Planck mass. We note that the 
scalar kinetic term is invariant with respect to the action of the SU{2, 1) group, but the 
scalar potential is in general not invariant. This implies that, for a given superpotential, 
the roles played by T and 0 are in general not interchangeable. In particular, depending 
on the form of W, either T or 0 may play the role of the inflaton, and we consider both 
possibilities in this paper. 

For example, it was found in [12] that the T-independent Wess-Zumino superpotential 


lU = m I — 


3\/3 


leads to 


V = 3m^sech^ 


2 ( X-X 
^/3 


sinh(x/\/3) (cosh(x/\/3) — sinh(x/ y/S) 


( 11 ) 


( 12 ) 


where x = \/3tanh ^(0/\/3). The potential for the normalised real part of the inflaton 
(x = \/2 Rex) now takes the form 


V = Stride sinh^(x/\/6), 

and is identical to the Starobinsky inflationary potential 

V = ^m^ , 


(13) 


(14) 
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( 15 ) 


obtained from a higher derivative form of the gravitational action, 

This identification between the no-scale Wess-Zumino model and gravity is possible if 
the modulus T has a fixed vacuum expectation value (T) = 1/2. For a generic expectation 
value (T) = c, the superpotential is of the form W = m (0^/2 — 0^/(3\/^)), where m = 
(2c) 

Conversely, with a superpotential of the form [12] 

IF = \/3m0(T-1/2), (16) 


the modulus T plays the role of the inflaton held, with a Starobinsky potential along the 
canonically-normalized real direction, T = for 0 hxed at zero. 

Both forms (Eqs. (fTTj) and (fT6|) l can be generalized by making use of SU(2,1) transfor¬ 
mations, or by adding additional superpotential terms that do not affect the scalar potential 
along the inhationary trajectory [13]. We make use of one such generalization below, based 
on the addition of terms such as 


AIF 


■(T- 1/2)’^2"-20 
(2T + l)"-2 


(17) 


that introduce new couplings between the inhaton (0 in this case) and the volume modulus. 


3.2 Symmetric Formulation 


The SU{2,1)/SU{2) x U{1) model can be rewritten equivalently in a more symmetric form 
with Kahler potential 


K = —3 log 

In this basis, the SU{2, 1) transformations of the helds correspond to 

+ ^ 12|/2 + r^A2iyi + A22y2 + \/ 3^23 rix 

Vi —^ V 3-^- , y 2 —^ v3-^- , (19) 

Aziyi + ^32|/2 + vSAsa A^iyi + A2,2y2 + vSAas 

with A G SU{2, 1). The complex helds yi ^2 are related to the helds T, 0 by the relations 


yi = 


20 


1 + 2T 


2/2 


= x/3 


and their inverses 


T = - 


1 f l-y2/V3 \ 
1 + 2/2 /\/3 j 


1-2T 
1 + 2T 


2/1 

1 + 2/2/ V 3 


( 20 ) 
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( 21 ) 














Simultaneously, the superpotential is transformed as 



3 


W{T,ct>) ^ iy(2/i,2/2) 


1 + 1/2 


3 W. 


( 22 ) 


Unsurprisingly, under the transformations . fl22|) . inflationary potentials in the 
basis are mapped into inflationary potentials in the j/ 1^2 basis |T3]. In particular, the Wess- 
Zumino superpotential flTT]) transforms to 



(23) 


for which the Starobinsky potential is recovered along the canonically normalized yi direc¬ 
tion for 1/2 = 0. Analogously, the superpotential (1T6|1 transforms into 


W = myiy2 (l + y2/Vfj , 


(24) 


where now 1/2 plays the role of the inflaton, with a Starobinsky potential along its real 
direction. 

3.3 Incorporation of Twisted Matter 

In [2ni[H] we found a different realization of inflation within a no-scale setting, by con¬ 
sidering a no-scale structure with a twisted matter field with a sum of modular weights 
‘^a = 3, described by the Kahler potential 



(25) 


In particular, when the ratios of the moduli are hxed at a high scale as in ([3]), the Kahler 
potential can be written in the form 


K = -3 ln(T + T) + — 

^ ^ (T + T)3 


(26) 


Making the choice of superpotential 


W = VSnuplT — 1/2), 


(27) 


it was shown that at = 0 the effective potential for T is sufficiently flat to allow inflation 
for any initial condition in the complex T plane far away enough from the origin. Moreover, 
the standard Starobinsky potential is recovered along the (canonically-normalized) real 
direction, whereas the chaotic quadratic potential appears along the imaginary 



*See [18] for other attempts at quadratic chaotic inflation in a complexification of the Starobinsky 
model. 
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3.4 Phenomenological Issues 


Our goal in this work is to embed the inflationary models with Kahler potentials (El l26ll in a 
more complete supergravity model, including matter flelds and a source of supersymmetry 
breaking. As was pointed out in |20], the addition of a supersymmetry-breaking sector 
modifies in general the form of the inflationary potential, and it is of interest to determine 
to what extent the conclusions drawn in the pure (T, 0) or (T, (p) scenarios still hold 0. 
Furthermore, previous studies of inflaton decays in a no-scale set up have shown that, 

in the absence of a direct coupling of the inflaton to matter, or of a non-trivial gauge kinetic 
function, the decays of the inflaton are completely suppressed at tree level. It was assumed 
in [43] that the Kahler potential possessed an overall no-scale SU{N -\- l)/[5'[/(A^) x 17(1)] 
symmetry, including N matter flelds, with the volume modulus T playing the role of the 
supersymmetry-breaking held with flat tree-level potential. However, here we consider 
a generic no-scale model with the Kahler potential of the form (]1|), and we explore the 
phenomenological implications of this model for two different scenarios: one in which T is 
the inflaton, and another in which one of the untwisted matter flelds 0^ is responsible for 
inflation. Matter flelds may be either twisted or untwisted. 


4 Patterns of Supersymmetry Breaking 

In order to break supersymmetry, the superpotential must have a non-zero vacuum expec¬ 
tation value at the minimum of the scalar potential. We consider first scenarios in which the 
inflaton is identified with one of the untwisted matter flelds 0^, which we denote by 0i. In 
such a case we know that a T-independent superpotential like (ITTIl leads to an inflationary 
potential. The volume modulus T is free to play a role in supersymmetry breaking, and we 
discuss in this Section various options for achieving this while obtaining Starobinsky-like 
inflation and zero vacuum energy. 

4.1 Scenarios with a Matter Inflaton 

4.1.1 Supersymmetry Breaking via the Volume Modulus 

One possibility is to add a constant term to a superpotential that otherwise would have a 
vanishing vacuum expectation value (vev). For definiteness we consider a generic superpo- 


tThroughout this paper, 0 will refer to an untwisted field and y will refer to a twisted field. 




tential of the form 


W = Winf(T, 0i) + (T + c)^fh2(0*) + (T + c)“fh3(0,) 
+ (T + cyw^i^a) + (T + cywy^a) + , 


(28) 


where c is an arbitrary constant, and hh 2,3 denote bilinear and trilinear terms with modnlar 
weights that are in general non-zero. If we assnme vanishing F terms for all the scalar helds: 
(Wy = 0, and vanishing vevs for all scalar helds except T, the inhationary minimnm = 0 
corresponds to a snpersymmetry-breaking minimnm with vanishing cosmological constant 
if the following constraints are satished, 

= Q. (29) 


These are trivially fnlhlled for the Wess-Znmino snperpotential flTTl) . When {0, </9} = 0, 
the ehective potential for T is completely hat at the tree level, so the volnme modnlus has 
an nndetermined vev, and the gravitino mass 


"^3/2 




(30) 


(T + T)’/^ 

varies with the valne of the volnme modnlns. 

The indnced soft terms can readily be calcnlatecji]: they are sector-dependent and 
sensitive to the vev of T, and are given by 


mo = 0 , Bq = -/3m3/2 


(T + cf-^ 

(r + f)V2 ’ 


An — 


-0071312 


(T + c) 


a—1 


(T + r)‘/2 ’ 


(31) 


/ 


■ 


\ 


(1 - 

B =‘2m 

0 3/2 rp^3/2 

A = 3 ™ (T + c)"-^ 

0 3/2 ^ 2 "^ 3/2 


(1 - na){T -F c) 
(1 - na){T + c) 


^(T + f)] , 

|(r + P] . 


(32) 


One can immediately check that = 0 for / = and that = —3/(T -|- f). 

Therefore, as expected, the Goldstino r] = G^j is the fermionic partner of the modnlns 
T, namely the modnlino xt- 


The previons resnlts ignore the fact that one typically needs to hx the vacunm ex¬ 
pectation valne of the volnme modnlns T dnring inhation. In the case of the Wess-Znmino 

^Related derivations of soft terms in string models with flux compactifications can be found in [45) . 
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model flTTl) . the Starobinsky potential is obtained for (T) = c. This vev may be hxed with 
the addition of strongly stabilizing terms in the Kahler potential of the form [T^H6] 


K = -3 In T + T + 


{T+ T-2cy + d{T-ry |0i| 


A2 


+ 


+ 


(33) 


This modihcation of K hxes T dnring inflation and generates a mass term for it. If A 1, 
this mass is hierarchically larger than the gravitino mass: 


= 144c((i + 1)- 


m 


3/2 


A2 


(34) 


With the addition of the stabilizing terms, the indnced soft parameters fIMl 1321) rednce to 


(pi: mo = 0 , Bo = -/3m3/2 , Aq = -am3/2 

(fa: mo = (1 - 5o = 2 (^1 - ria - ^ j mg/a, Aq = 3 (^1 - n, 


(35) 

P\ 

V 

(36) 


after rescaling the helds, 0' = (2c) = (2c) where 0', pJ are canonically 

normalized, and npon rescaling: 


W2{4>,) -* , WM . 


(37) 


with mg/a = (2c) The forms of the soft snpersymmetry-breaking terms for the twisted 

matter helds snggest that modular weights with ria > 1 in the Kahler potential are not 
consistent with this framework. A careful analysis reveals that in such cases the helds 
evolve towards a global anti-de-Sitter (AdS) minimum. 

The forms of Eqs. fl3^ and fl36|) open up various phenomenological possibilities, some 
of which we now enumerate. 

• If all matter helds are of the untwisted type, we see that there are no supersymmetry¬ 
breaking contributions to scalar masses. If in addition, the modular weights a and {3 vanish, 
then Aq = i?o = 0. and we recover the original no-scale boundary conditions [2]. Models 
with radiative electroweak symmetry breaking m can be accommodated if these boundary 
conditions are hxed at scales above the GUT scale [161|4H1|49]. In addition, this yields a 
much more restrictive phenomenological parameter space than CMSSM-like models since 
the ratio of the Higgs vevs, tan /3, is determined by the Higgs minimization conditions and 
is no longer a free parameter |31] . 

• However, if matter helds are of the twisted type, then other possibilities arise. For 
simplicity, let us take the kinetic modular weights to be 0. In this case, we have universal 
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soft scalar masses as in CMSSM-Wke models, which are determined by the gravitino mass 

PI. 


• On the other hand, when the superpotential weights are equal (p = cr), we obtain 
mSUGRAASke boundary conditions, with Aq = (3 — p)m ^/2 and Bq = {2 — p)m 3 / 2 , i.e., 
Bq = Aq — rriQ [30l[3T]. These mSUGRA-like models also yield a much more restrictive 
phenomenological parameter space where, in the context of radiative electroweak symmetry 
breaking, the ratio of the Higgs vevs, tan/?, is again determined by the Higgs minimization 
conditions and no longer a free parameter. 

• Had we chosen to work in the symmetric (pi,|/ 2 ) basis with no superpotential 
weights, we would hnd p = a = 3, in which case Aq = 0 and Bq = —171312. If, in addition, 
there are no tree-level sources for gaugino masses, the models would be equivalent to pure 
gravity mediation (PGM) with radiative electroweak symmetry breaking [34] , 

• Finally, we note that if the weights na 7 ^ 0, we have a source for non-universal 
scalar masses in the twisted sector. 


Further examples of no-scale, GMSSM and mSUGRA patterns of soft supersymmetry 
breaking are presented subsequently. 

One possible generalization of the superpotential (|28ll is to incorporate a modular 
weight for p: 

p, —p(T -|- cY . (38) 

It is not difficult to verify that the scalar potential is not minimized at (T, (f)i) = (c, 0) 
for generic p 7 ^ 0. However, with the addition of the stabilizing term (|33ll one always has 
(T) ~ c and a p-dependent inflationary potential of the form 


where 


and 


V 


3m^ cosh^ 


tanh^ 




PP 

3m 


— 2 tanh^ 






p = (2c)P-3/2p, 


X = \/ 6 tanh 


(39) 


(40) 

(41) 


denotes the canonically-normalized real part of </>!. The left panel of Fig. [T] shows the shape 
of the potential for various values of p. As expected, for p = 0 one exactly recovers the 
Starobinsky potential. When we assume a ratio p/m = 10“® (corresponding to p ~ 100 
TeV) then for x ;< 9 (during the inflationary phase) the potentials are almost indistinguish¬ 
able, yielding a maximum of JV^ax — 1160 e-folds of inflation. For smaller p, the potential 
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remains flat to higher x and more e-folds of inflation are possible. However, the right panel 
of Fig. m shows that there is, in general, a non-vanishing cosmological constant at x = 0, 
where 

Vo=^-^p{p-Q). (42) 

Note that for p > 0, the potential is unbounded from below and for p < 0, we have a 
positive cosmological constant, so that p = 0 is the only possible solution in this case. 



Figure 1: Projections of the effective inflationary potential for the model m with the 
stabilised Kabler potential and the T-dependent superpotential AhF = p(T -1-1/2)^, for 
different values of p, and c = 1/2. Here T is stabilized at T = 1/2 with = 10, and we 
use the nominal values m = 10“®, p = 10“^^. Left: The potential along the canonically- 
normalized real direction, x = \/6tanh“^(0i/\/3). Right: The cosmological constant as a 
function of p. 


4.1.2 Supersymmetry Breaking via the Polonyi mechanism 

As another possible generalization of the above set of models, we can promote p in fl28ll to 
have the form of the Polonyi superpotential [50], dependent on a singlet held z: 

p ^ p{z + u ), (43) 

which belongs to the twisted matter sector and has zero modular weight, assuming a 
strongly-stabilized Kahler potential [CTI52] 

(44) 

which might be due, e.g., to non-perturbative effects. In the standard scenario, the second 
term in (1441) drives the held 2 ; to a supersymmetry breaking minimum located at z ~ 
A^/\/l2, with the parameter u ~ l/\/3 tuned to yield a vanishing cosmological constant 
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[521153]. In the present case, with a no-scale inflationary sector where cj)i is identifled as 
the inflaton, the same values of z, v with T = c, 0i = 0 minimize the scalar potential. 
However, this point in held space corresponds to a deSitter minimum with cosmological 
constant Vq — IhP- 

This positive vacuum energy may be used to uplift a potential that would otherwise 
have an AdS minimum. In particular, in the case of fl38|) with 0 < p < 6, the extremum at 
a; = 0 can be uplifted if, instead of the superpotential fl38l) . we assume 

^ + i')(T + cY . (45) 


The scalar potential is minimized with a zero cosmological constant at (T, 0i) = (c, 0) for 


(p"-6 p + 3)A^ / 3 y/" 

4(3p(6—p))^A ’ ^ 


(46) 


assuming A^ 1. For a small stabilizing parameter A^ the superpotential flT51) 

becomes virtually indistinguishable from fl38|) . However, for the range of p that we consider, 
the global minimum is not located at x = 0, but corresponds to an AdS minimum located 
at 


a;AdS - 


1 

2 



3(6-p)p^ 
64m^p 


VAdS - 


4m^ 

3y/3fl 


p 

6 — p 


3/2 


(47) 


For larger, but still small values of A^, there is still a minimum at large x, but it is no longer 
a global minimum. In order to avoid this minimum altogether, the stabilizing parameter 
Az must satisfy the constraint 

A>/(!>)(^)’. (48) 

\m J 

where / ~ 2 for 0<p<4, / ~4 for p = 5. This constraint is illustrated in Fig. [2] for 
p/m = 10“®. 


The gravitino mass in this model is 


m ^/2 


A 


p(6 -p) 


1/2 


(49) 


Assuming a superpotential for the matter fields of the form fl28l) . the induced soft param- 
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V/m^ Vlm^ 




P 

. 1 

■ 2 
. 3 

.4 
M 5 


Figure 2: Projections of the effective inflationary potential for the model m with the 
Polonyi sector with superpotential /\W = /i(z + z/)(T + 1/2)^ for different values 
of p and c = 1/2. Here T = 1/2, z and v are given by and we use the nominal values 
m = 10“^, /i = 10“^^. Left: The potential along the canonically-normalized real direction, 
X = \/6tanh“^(0i/\/3), for = 10“^. Right: Idem, for = 4 x 10“^. 


eters take the forms 


' 

mo 


4>i-{Bo 


^0 

mo 


Pa 


< Bo 


^0 


^((6-p)p)^/^m3/2, 

-^(p-/^(p-3))m3/2, 

^a(p-3)m3/2, 

^(9-n„(p-3)2)^/2m3/2, 

^(6 + 2na{p - 3) + p{a - 3) - 3cr)m3/2 , 
-^{3-3na- p){p - 3)mo/2 ■ 


(50) 


(51) 


In this case, the untwisted matter sector has non-vanishing soft supersymmetry-breaking 
masses for any 0 < p < 6, which are of universal CMSSM type. If p = 3, one has mSUGRA 
boundary conditions mo = m 3 / 2 , Bq = —mo and Aq = 0 in both the untwisted and twisted 
sectors. Since the twisted-sector soft supersymmetry-breaking parameters are independent 
of the modular weights Ua for p = 3, all values of the weights are allowed in this case. For 
ria = 0 or for p = 2,4 and modular weight Ua = 9, the soft supersymmetry-breaking scalar 
masses mo = 0 in the twisted sector. 

It is natural to consider if an untwisted Polonyi sector can provide the necessary 
uplifting for the superpotential fl38l) . It can be shown that this uplifting can be achieved, 
but at the cost of spoiling the inflationary potential. For example, using a superpotential 
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of the form 


(52) 


it is possible to show that the resulting potential is either unbounded from below or pos¬ 
sesses an AdS minimum for large values of x, the canonically-normalized real component 
of 01 - The addition of strong stabilization terms for ^ in the Kahler potential does not 
alleviate these problems. 


4.1.3 Incorporating the Giudice-Masiero Mechanism 


The Giudice-Masiero (GM) mechanism [5l] is a well-known extension of minimal super¬ 
gravity in which a term proportional to H 1 H 2 is introduced into the Kahler potential, so as 
to avoid the explicit introduction of a term ij,hHiH 2 in the superpotential with a coefficient 
fiH with scale similar to that of electroweak symmetry breaking. In our no-scale framework, 
there are several ways to implement this mechanism, depending on the sector to which the 
Higgs superfields belong. If the Higgs belong to the twisted sector with modular weights 
ni,n 2 , then a generic GM term of the form 

AK = {T + {ch{T + cyHiH 2 + h.c.) (53) 


induces the /x-term and a soft H-term, 


A/xh = (1 - ni2)cHm3/2 , 


P. 


AH/x = (1 - ni 2)(2 - 7 - ?xi - 7X2 7 x 12 )-rii 2 


C/f 77X3^2 : 


(54) 


where a tilde denotes a rescaling by a factor of (3 — p)/3, e.g. 7 = ^^ 7 , and where we 
have rescaled ch —)■ In the case of minimal (no) coupling to T, these 

reduce to A fin = cxxx?X 3 / 2 , AH/x = 2cH'm\i2- When the Higgs fields belong to the untwisted 
sector, a GM term such as fl5^ generates soft terms of the form 


A/xh = (1 - ni 2 )cHX 7 X 3/2 , AH/x = [(1 -7Xi2)(7Xi2 -7-Fp/3)-hp/ 3 ]cHXXX^/ 2 - (55) 


Alternatively, one can consider scenarios in which the GM term resides inside the logarithm. 
One of the possibilities is 


T + f - - (|i7i|2 + \H 2 \^ + (T + T)-ycH{T + cyH^H 2 + h.c.) + ■ ■ ■) 
o 


(56) 


K = -3 In 
for which 

A/Xj^ = (p/3 - g) 0 ^ 77 X 3/2 , AH/x= ^-g(l + g- 7 -p/ 3 ) + |( 2 - 7 ) 0 ^ 77 X 3 / 2 , (57) 

with Ch {2cy-'^CH. 


P, 
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4.1.4 Formulation in the Symmetric Basis 


For completeness, let us relate the phenomenology in the basis ([5]), that we have used so far, 
to the phenomenology in the more symmetric basis ffT8|) . In addition to the transformations 
(120]), dUD, one must obtain the transformation rules for the matter helds {0, <p}. Denoting 
the matter helds belonging to the (j/i, 2 / 2 ) basis with a tilde (~), we hnd the relations 


and their inverses 


_ 

1 + 1 / 2/\/3 

~ 20 , 

1 ^ 2T 


= 


The Kahler potential (Hj) is then equivalent to 


(1 + |/ 2 /\/ 3 )’^“ 
(T + 1/2)^“ 


(58) 

(59) 


h: = -31n 




and the superpotential fl28ll is mapped into 


^ (1 + ||/2|V3)’"“ ’ 


(60) 


w = IFinf ( 1 / 1 , m) + (1 + 2/2/\/3)'-^hF2(00 + (1 + 2/2/\/3)"“fh3(0i) 

+ (1 + 2/2/\/3)^ '^hF2(0a) + (1 + 2/2/\/3)^ ^110(00) + h(l + 2/2/\/3)^ , 

( 61 ) 

which leads to the same form of the soft supersymmetry breaking parameters given in (135|1 . 
as expected. Analogous results hold for the generalizations of the parameter /i considered 
above, including the addition of a Polonyi sector, always recalling that upon changing basis 
one must substitute /r —)■ ju(l + y 2 /\f^Y- 


4.2 Scenarios in which the Volume Modulus T is the inflaton 

It is also possible to identify the volume modulus T with the inhaton. As we discussed 
before, a superpotential such as ffT6l) . which couples T with a matter held 0 (identihed 
for simplicity with 0i) leads to a Starobinsky-like inhationary potential. While the simple 
form for supersymmetry breaking by a constant in W does not work in this case, we will see 
that the Polonyi mechanism and its generalizations will allow for successful phenomeno¬ 
logical models. In the next subsubsection, we consider 0i to be an untwisted held, and 
subsequently we will consider it to be a twisted held (labeled accordingly as (pi). 

4.2.1 Inflation via Conpling to Untwisted Matter Fields 

For dehniteness, we assume that the scalar helds {0, (p} have vanishing vevs, and we can 
consider the same superpotential fl28l) used in the previous subsection. However, the con¬ 
ditions for a supersymmetry breaking minimum with vanishing cosmological constant fl2^ 
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are not satisfied by the example flTHll for T field inflation. In fact, none of the mnltiple 
examples discnssed in [13] that yield inflationary potentials for T satisfy these constraints. 

For example, when the constant term to the snperpotential (1281) is used as the source 
of supersymmetry breaking with the inflationary snperpotential given by ffT6|) . the minimum 
of the scalar potential is found at 


T = 

with cosmological constant Vq = — 


2 

3(e^) = 


, 01 = \/3— , 

m 

—3m^/i^/(m^ — 3/r^) < 0. 


(62) 


This ADS vacuum must be lifted and we hrst attempt to use the a stabilized Polonyi 
sector as the source of supersymmetry breaking. With the Kahler potential fHT|) and 
snperpotential (jlSj). The supersymmetry breaking minimum is found at 


^ 1 2/u\- 

2 3 \mJ 


h 

m ’ 


A2 

z 

VT2 ’ 


u ~ 


,/3 (m 


(63) 


for A^,/i/m 1. In this case, the form of the inflationary potential is unmodihed from 

the Starobinsky form, save for the horizontal shift of the position of the minimum given by 
to = —A/2/3(/i/m)^, where 


T = 



(64) 


and t denotes the canonically-normalized real part of T, which we associate with the 
inflaton. The supersymmetry breaking scale given by the gravitino mass is given by 
^ 3/2 = /n/\/3. The Goldstino in this case is identihed with the fermionic partner of the 
Polonyi held, plus a small admixture of the fermion component of the 0i superheld, yi. 


V 





Xz + 3—yi. 
m 


(65) 


When used with the snperpotential (j28ll including matter we obtain the following universal 
soft parameters 

mo = 1713/2 Bo = -m3/2 Ao = 0, (66) 

which are of the mSUGRA type when the gaugino masses are of order 1713/2 and of the 
PGM type if gaugino masses are generated through anomalies. Unlike the case where 0i 
played the role of the inhaton fl50l) . we hnd no dependence for the soft parameters on 
the modular weights in fl28|) . This is because, in general, the weight-dependent parts of 
the induced soft parameters are generated by the presence of the term {{K~^)'^D^W)W'^ 
in the effective scalar potential for the matter helds. In the present case of T inflation, 
{D'^W) = {K'^W + lU^) oc (G^) = 0, and no contribution is generated. However, different 
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phenomenological bonndary conditions conld arise in the presence of 2 ;-dependent weights 
for which (G^) ^ 0 . 

Snpersymmetry can be broken by an nntwisted Polonyi field that does not reqnire 
stabilization in the Kahler potential if we choose 







(67) 


As usnal, the parameter u must be tuned in order to have a vanishing cosmological constant. 
For fi m, the minimum can be approximately found to second order in /i/m, and is 
located at 



The shape of the inflationary potential is again unchanged from the Starobinsky form, 
except for a small shift of the position of the minimum, which corresponds now to to = 
—\/ 6 (/i/m)^. Supersymmetry is broken by the non-vanishing vev of the superpotential fl67|l . 
with the gravitino mass given by 7113/2 = It is straightforward to check that 7 ^ 0 for 
I = T, 01^2 if /i 7 ^ 0. The Goldstino consists of Xz, with a small admixture of the modulino 
XT: and xi, 

~ \/3 r 1 - 3 ^ X2 + 2\/3— Xi + 3 (—) XT- (69) 

\ Vm/ / m Vm/ 

The induced soft supersymmetry-breaking terms using (1251) are given by 


: mo = 0 , Bo = -mg/a , Aq = 0, (70) 

ipa'. 7710 = 7713/2 , Bq = - 7773/2 , Ao = 0 . (71) 


In this case, the soft supersymmetry-breaking terms are universal in both sectors. Since the 
soft supersymmetry-breaking terms in the twisted sector are independent of the modular 
weights 77a: the latter are unconstrained in this case. In the untwisted sector we have a 
special case of a mSUGRA-like spectra with mo = Ao = 0, which would impose universality 
above the GUT scale |55]. In the twisted sector, we recover mSUGRA- or PGM-like models 
with mo = 7713/2- 


4.2.2 Inflation via Conpling to Twisted Matter Fields 

The Starobinsky inflationary potential for the volume modulus T can also be obtained by 
coupling T with a matter field ip with modular weight 3, belonging to the twisted matter 
sector. As we discussed before, a suitable superpotential has the form (1271) . As before, we 
consider (1281) as the form of the couplings to matter. The conditions for vanishing gradients 
and cosmological constant for the scalar potential at this point are completely analogous 
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to the constraints fl2^ after replacing (pi —)■ ipi in hhinf- Once again, these conditions 
are not compatible with T field inflation nsing (ITHll or its avatars. Onr example nsing a 
constant term in fl28|) displaces the minimnm of the potential to the approximate location 
given by fl6^ (with the replacement 0i —)■ (pi). It again corresponds to an AdS minimnm, 
Vo — —3/r^. We note that the solntion in this case is only approximate dne to the presence 
of the factor in the scalar potential. 

Spontaneons snpersymmetry breaking with a strongly stabilized Polonyi sector allows 
for a vanishing cosmological constant at the minimnm given by 


T~ - + - 
2 3 Vm 


(pi ~ — 

m 


z ~ 


A2 

^/T2 ’ 


V3 V^3 bn) 


(72) 


for A 2 ,/r/m 1. Unlike the {T,p) scenario, this deformation is not limited to a shift in 

the position of the minimnm; the behavionr of the potential at large valnes of the inflaton 
becomes dependent on the magnitnde of fi. In particniar, along the real direction the 
potential receives the correction 


AV = 


Ae 




+ 3e 


Vet 


(73) 


(see Fig. [3]), and the gravitino mass is 7713/2 = fx/y/S. The Goldstino is a mixtnre of the 
fermion components of the T, Lpi and ^ superhelds, 

r] Vs (1 - ^ (—) ^Xz + ^-Xi-Q (—) XT- (74) 

\ 3 Vm/ / m Vm/ 

In this case the conplings to matter generate nniversal soft snpersymmetry breaking terms 
of the mSUGRA type, given by fl66|l . 

Finally, we can also consider an untwisted Polonyi sector held with the cubic superpo¬ 
tential fl^T)) . In complete analogy to the scenario contemplated in the previous section, the 
non-vanishing vev of this superpotential shifts the position of the minimum of the potential. 
For /i m, this minimum is located at 


T ~ 






~ y/S 


m 



u = l. 


(75) 


The inhaton potential is again deformed by the addition of (1671) . Upon the addition of the 
Polonyi sector, the inhaton potential becomes dependent on /z. To leading order in /z, the 
potential correction along the real direction has the form 

AU ~ 3/7^ - 3e2\^* + 26^^*) . (76) 


Although diherent from the correction in fl73|l . the form of the potential looks very similar 
to that shown in Fig. [3l 
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V/m^ Vlm^ 




fi/m 
. 10-^ 
■ 10 -“ 

■ lO-*^ 

■ 10-* 
M 0 


Figure 3: Projections of the effective inflationary potential for the model |F7| j with a Polonyi 
sector 10, for different values of the ratio pilm. The fields ipi, z are assumed to have 
their minimum values, computed numerically. Left: The potential along the canonically 
normalized real direction, t = — y^log(2ReT) . Right: The potential along the canonically 
normalized imaginary direction, a = \/6ImT. 


In this case the gravitino mass given by 777 - 3/2 = /i, and the Goldstino is 

7/ ~ \/3 ("l - 3 ) "j X2 + 2\/3— Xi - y ) XT- (77) 

\ \m/ J ml \m/ 

The induced soft parameters can be readily evaluated, and correspond to the CMSSM and 
mSUGRA forms fITOl) . (ITT]) in the untwisted and twisted sectors, respectively. 


5 Inflaton Decays 

Any complete model of cosmological inflation should include mechanisms for inflaton decay 
that yield successful reheating at the end of the inflationary epoch. In this Section we con¬ 
sider inflaton decay in the model scenarios discussed in the previous Section, emphasising 
differences in their corresponding predictions for the reheating temperature. These have 
important phenomenological impacts, e.g., the inferred number of e-folds during inflation, 
the resultant gravitino abundance and hence the possible scale of supersymmetry breaking, 
which may be used to discriminate between models. 

5.1 Decay of the Untwisted Matter Inflaton 

We first calculate inflaton decays in the scenario where the untwisted matter field fi plays 
the role of the inflaton, assuming that all matter helds {f, (pj have vanishing vevs at the 
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end of inflation. This implies that 

(IT*) = (1T“) = 0 , {K^) = {K^) = 0 , (78) 

or, in terms of the Kahler fnnction G = K + log \ W\^, 

(T* = = 0. (79) 

The volnme modulns T mnst typically be stabilized in order to inflate snccessfnlly along 
the 01 direction. As we have already seen, snfficient stabilization can be achieved by the 
addition of qnartic terms in the Kahler potential as in fIMl) . Thus, we assume now that T 
has a non-vanishing vev, (T) = 1/2, which implies {G'^) = p — 3 for the supersymmetry 
breaking superpotentials fl38l) . flT5|) . and the simple scenario with breaking by a constant 
(|28|) . for which p = 0. In this case, all the matter scalar and fermion fluctuations about the 
global minimum are canonically normalized, whereas the canonically-normalised modulus 
fluctuation corresponds to 5T = \/3(T — 1/2). For convenience, we dehne the ratio of the 
gravitino mass to the inflaton mass, A = m 3 / 2 /m. 

For the present analysis we consider a generic superpotential of the form 

W = Winf{T,(j)l) + WM{T,(j)i,Pa;p) , (80) 

for which we assume that the constraints fl29|l are satished. Here p denotes the mass 
parameter that determines the scale of supersymmetry breaking: (IFm) = p- A particular 
example corresponds to the superpotential (128|1 with lTinf(T, 0i) given by the Wess-Zumino 
superpotential ffTTl) . The decay rate of the inflaton is determined by its coupling to the 
moduli, matter and gauge helds. These couplings can be computed from a series expansion 
of the supergravity Lagrangian. For readability, in the following discussion we drop the 
subscript M from the matter superpotential, except when otherwise stated. 


5.1.1 Decays to matter scalars 


The interactions between the inflaton 0i and the rest of the matter sector are determined 
from the scalar kinetic and potential terms in the Lagrangian. The scalar kinetic term is 
given by ([8]). After substitution of the matter held and modulus vevs, the scalar kinetic 
term yields no interaction terms relevant for the kinematically-allowed decays up to four- 
body interactions. We therefore look at interactions stemming from the potential term in 
the Lagrangian. Recall that the gauge-independent part of the scalar potential is given in 
(j9|) and can be expanded to hnd the decay couplings. It is straightforward to calculate the 
scalar mass matrix, which takes the form 


<h''(Al^)/<h j = 



m2 + m(lT^i + ITii) + W^^Wki 

mWu + W^^Wki 


+ W‘^^Wki 
W-^^Wki 
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where we denote $ = {6T,(()i,ipa} and introdnce the mnltiindex I = {6T,i,a}. Here we 
have segregated the inflaton explicitly from the rest of the matter and modnli fields, and 
we have associated the inflaton mass m with the vev of as is trne for the Wess- 

Znmino snperpotential (ITT]) . It is immediately evident that, in the absence of a direct 
conpling between the inflaton and other helds in the matter snperpotential, the held is 
the inhaton mass eigenstate §. 

A direct conpling between 0i and the rest of the matter sector may be allowed. For 
example, this held can be associated with a heavy singlet snentrino [T6l|56]. In snch case, 
one can consider the addition of a Ynkawa-like term 




(82) 


to the Standard Model snperpotential, where denotes the Yukawa coupling. Such a 
coupling leads to a mass matrix characteristic of seesaw models. 



+ m? 

—mm 


—mm 

m? + Kjj!^ 



(83) 


where m = yy{Hu) = yuVsm(3, and /? = (! — n^) for a twisted neutrino, k = 0 for an 
untwisted neutrino. Therefore, even in the presence of direct couplings, we can consider 0i 
to be the inhaton mass eigenstate, up to corrections of order y/m,v/m 1. 

In order to determine the decay rate of the inhaton 0i, we must consider couplings 
beyond quadratic interactions. Expansion of the scalar potential yields 


jCb, pot = -^mWij(pi6T^-^ 








3\/3 


3 6 

H— -^mWij(j)i6T^'^ -- 

v 3 v 3 2 


2 0 
where we have introduced the notation 




+ h.c. + C>(/i) + 


(84) 


= [K - . (85) 


and 


C/J 


/ -1 
-3 

\ni - 2 


-3 

-5 

n/ — 4 


nj-2 ^ 
nj-A 
ni + nj-3j 


( 86 ) 


^We have ignored subdominant 0{y,) contributions in the expression (1811) . which actually vanish for a 
di-independent matter snperpotential. 
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where the rows and columns correspond to submatrices following the notation I = {6T, i, a}. 
The expression (j8T|l shows that all couplings to matter vanish in the absence of an explicit 
01 dependence in the matter superpotential, = 0. It can be verihed that the same 

is true for all the 0 {^) terms that we have neglected in flHTj) . as well for any couplings 
leading to three- and four-body decay of the inflaton. The only non-vanishing interaction 
in this limit correspond to those proportional to . This coupling vanishes identically 
for the Wess-Zumino superpotential (|TT|1 . However, it is known that the superpotential 
flTT]) is not the unique superpotential that leads to Starobinsky inflation [13]. Consider, 
e.g., the addition of the term 


avFm = c(r - i/2)Vi, 


(87) 


which does not alter the shape of the potential for the inflaton Re 0i for any value of C- In 
the presence of this term, the mass matrix has the structure 


m%\5T\^ + ~ 3 )m3/2Mp{(()i6T + h.c.), 


( 88 ) 


and the inflaton mass eigenstate corresponds to 


0f ~0i + (p-3)^^^i^5T. 


3\/3) 


m 


(89) 


In this case, the decay of the inflaton 0i into the fluctuation of the modulus T is possible, 
with rate 

ICP 


r(0i ^5T5T) =m 


7271 ’ 


(90) 


assuming that the modulus mass satishes the hierarchy m 3> rriT S> ms /2 as in fl34ll . As we 
see in the next subsubsection, this is the same rate as the decay into gravitinos. If these were 
the dominant decay rates, the Universe would become dominated by moduli and gravitinos, 
forcing their masses to exceed 10 TeV in order to obtain a reheating temperature above 1 
MeV, and hence suitable for nucleosynthesis. However, in this case, decays into neutralinos 
are liable to yield a relic neutralino density that is far too large. Thus we can not afford 
decays to moduli (and gravitinos) to be the dominant decay product. 

Decay of the inflaton into matter becomes possible only if we allow a non-trivial 
dependence on 0i for Wm- In particular, the superpotential flH^ leads to a non-vanishing 
amplitude for which the dominant contribution corresponds to the seventh term in flHTj) 
if 7 ^ 0, namely In the particular case of sneutrino inflation, this 

coupling would be —myyHuLfpi^ and the decay width would be given by 


r(* ^ Hth) = , 


(91) 
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where we have neglected the masses of the hnal-state particles. This decay rate would 
be fast if \yy\ = 0{1) and, in order to avoid problems associated with gravitino produc¬ 
tion during reheating, we must set a bound on the Yukawa coupling associated with the 
inflaton [16] 

Vu < 10-^ (92) 

with a corresponding constraint on the reheating temperature that we discuss below. 

5.1.2 Decays to matter fermions 

The decay of the inflaton to matter fermions is mediated by the interactions determined 
by the fermion kinetic term, the fermion mass matrix and the fermion-scalar interactions 
of the supergravity Lagrangian. The fermion kinetic term is given by 

= ^GjXiL'l^Df.xi + h-c., (93) 

and yields no couplings relevant to two-, three- and four-body decays. One must then look 
for interactions stemming from the fermion mass matrix and the fermion-scalar interactions. 
Working in the unitary gauge, one hnds no dependence on the modulino xt, which becomes 
the longitudinal component of the gravitino, 

Cfm = '^XiL0-S!jx’l{-Gii + IciG') 

+ - G'G-' + G'^{GX1G-^)XilXjr + h.c. (94) 

-|- four-fermion terms 

= — ■fW^^'^cPiXILXJR + ^ JXKL$(t>lXL + <i>lXKL$^ JXl 

2 4/i 4p 

+ -t-^^'^W^^(I)i^jXilXkr — (^i^jXilXkr (95) 

4/r 2 

+ (t^i{^^^T)xjLXKR — {xklXjr + XjlXkr) + • • • 

Similarly to the scalar case, all couplings to matter fermions vanish for a 0i-independent 
matter superpotential. The decay into a fermion and a higgsino is possible if we identify 
(/>! with a singlet neutrino, with superpotential fl82l) . In this case, the rate is given by 

^ ny, H+h) = , (96) 

i.e., equal to the rate of decay into scalars. 
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5.1.3 Decay to the gravitino and inflatino 


We now explore the possibility of the decay of the inflaton 0i to the gravitino. In the 
unitary gauge, this process is in general mediated by the interaction terms 

>^: 3/2 = + h.c.. (97) 

o Z 

Since {G^) = 0 for all matter helds, and (G^) = p — 3, the couplings vanish unless there is 
mixing between the inflaton 0i and the volume modulus T. Such mixing is possible in the 
presence of a term such as fISTli . in which case the mass eigenstate is given by fl8^ . In 
this case, the interaction is mediated by the Lagrangian 


^3/2 ^ 


C^3/2 

2 m? 


,liupa 


i’plpi’pda(t>l 


M 


im3/20f 


(98) 


This results in the decay rate 

ICP 

r(0i -)■ '03/2'03/2) ^ (99) 

The same result is found for the decay of 0i to the canonically-normalized modulino xt, 
the relevant coupling in this case being given by £ D —\WI^'^(I)iXstlX&tr- 

The decays to a single gravitino and a matter fermion are mediated by the interaction 

terms 

^3/2,X = + -^G^j'iP^lIJ)¥Yxjr + h-c. (100) 

= -^W^'^MpL'J^XjL + -^m(t)i'tp^L¥xiL + + • • • . ( 101 ) 

The decay amplitude to a matter fermion different from the inflatino is zero, unless there 
is an explicit dependence on 0i in the matter superpotentiah Identifying the inflaton with 
a singlet neutrino, with a coupling given by flH^ . the decay to a left-handed neutrino and a 
single gravitino is allowed, but with a negligible width relative to the decays to the Higgs, 
fermions and their supersymmetric partners: 

r(0i ^ ^^3/2 1^) = Sin^ ~ 10-32 r(0i ^ Hlu, H^fL). (102) 


Equation fllOip includes the interaction between the gravitino and the inflatino. The 
availability of this decay channel is strongly dependent on the mechanism of supersymmetry 
breaking. In the simplest scenario (|28|1 . the decay is not kinematically allowed, since there is 
no mass splitting at tree level for the untwisted matter held (f)i. In the case when a splitting 


exists, such as (l50|) . the decay will be suppressed [58] due to the degeneracy m- 


-m. 


r(0i^^3/2Xi)~ 


VJm? 

AMMl 


"^3/2: 

(103) 
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It can also be shown that all two-body decays involving one inflatino and one matter fermion 
Xj are dependent on the conpling which vanishes in the limit of no 0i dependence 

in Wm, as well for a snperpotential snch as fl82l) . 

We are led to conclude that, in the absence of a direct coupling between the inflaton 
and the rest of the matter (and gauge) sectors, there are no efficient decay channels for 
the inflaton, if it is identihed with an untwisted matter held, as found in other studies of 
no-scale supergravity [13]. On the other hand, if the held 0i is associated with a singlet 
neutrino, the decay rates fl9ll) and fl96l) imply a reheating temperature 

r« = (5.6xlO»GeV)|,4(^) (lo^W) ’ 

assuming that the Yukawa coupling i/j, < 0{1) so that the decay of the inhaton occurs 
after the end of inhation, during the oscillation of the inhaton around the minimum of the 
potential. Here g denotes the ehective number of degrees of freedom, and g = 915/4 for 
the MSSM. 


5.1.4 Decays to gauge bosons and gauginos 


The decay of the inhaton into gauge helds and gauginos is possible in the presence of 
a non-trivial coupling between 0i and the gauge degrees of freedom, as would be provided 
by a (/)i-dependent gauge kinetic function fap = /(0i)(5a^ [l3l[59]. If supersymmetry is not 
broken by the inhaton, this term will not contribute to gaugino masses. These require a 
non-trivial dependence in the gauge kinetic function of helds involved in supersymmetry 
breaking. The relevant supergravity Lagrangian terms correspond to 




(105) 


where Fj^'" = F^pa- Neglecting contributions suppressed by the gaugino masses, the 

decay widths to canonically-normalized gauge boson pairs and gauginos can be evaluated 
in a straightforward way, resulting in |45] 

3d? 1 / Nc \ 


where Nq is the number of hnal states: Nq = 12 for the standard model, and dg^i is given 
by 


= (Re /) ^ 



(107) 
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The equality of the rates to gauge bosons and gauginos requires that is related to the 

inflaton mass rather than the supersymmetry-breaking scale. In the presence of a coupling 
such as fl8^ . these rates are subdominant, being suppressed by (m/Mp)^ relative to the 
widths into Higgs, leptons and their supersymmetric partners, cf, fl9l|) and (l96|) . On the 
other hand, if no such couplings are present, the decays to gauge bosons and gauginos are 
the dominant channels, and would yield a reheating temperature 


Tp=(2xl0'° GeV)4ir/ 


( ^ \ 
Vi2y Mpj 


(108) 


In this case, the constraint on the thermal production of gravitinos is easily satisfied if 
^ 9 , 1 ^ 10 -'- 

The decay of to gauge bosons and gauginos can also be achieved through a coupling 
between T and the gauge degrees of freedom. Indeed, a T-dependent gauge kinetic function 
fap = fiT) 6 ai 3 is a generic feature of heterotic string effective held theories |TT1|60]. A 
superpotential such as (1871) produces a mixing between and T, allowing in this case 
decays of the 0i mass eigenstate to gauge bosons, with a rate 

r(0i ^ gg) = {p- (^) 


where we dehne 


ils.T = (Ref) ' 



( 110 ) 


We see, however, that this rate is suppressed by a factor {m 3 i 2 /mY relative to the decay 
widths fl^ and fl^ . and it can also be shown that the rate for decays to gauginos is 
further suppressed by an additional (m3/2/'n7.)^ factor. Gaugino masses are generated in 
this case and are given by 


mi /2 = 


^G/2 fa0,T 




He fafi 


d‘g,T 

6 


\p - 3|m3/2 


( 111 ) 


There is an additional contribution if also depends also on the Polonyi held z. 


5.2 Decays of a Volume Modulus Inflaton 

We will now consider the case where the inhaton is identihed with the volume modulus T. 
We assume as before that all matter helds {0, (pj have vanishing vevs at the end of inhation, 
which is equivalent to the conditions fl78|l . For all scenarios explored in Section [4.21 the 
volume modulus inhaton T has a non-vanishing vev at the minimum of the potential, which 
is located at 

(Re T) = ^ + , (Im T) = 0 , (112) 
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where /r is the mass parameter that determines the scale of supersymmetry breaking: 
yU = \/3m3/2 for an untwisted Polonyi modulus 2 ; with superpotential fH5]) . fi = 1713/2 
for breaking by an untwisted sector held with superpotential fl67|l . At this minimum we 
have {W’^)/{W) = 3 + and {K’^) = —3 + /m?). The decays of the inha- 

ton are determined by its couplings to the moduli, matter and gauge helds, which can be 
computed from a series expansion of the supergravity Lagrangian. In this subsection, we 
denote $ = {0, (p} and use the multiindex / = {i, a}. 


5.2.1 Decays to matter scalars 


The couplings of the inhaton T to matter stem from the scalar kinetic term of the La¬ 
grangian and the scalar potential. We hrst assume that no direct coupling between T and 
the matter helds exists, except for the superpotential coupling to 0i or ipi necessary to ob¬ 
tain the desired inhationary potential. The scalar kinetic term (|8]) may then be expanded 
to hrst order in 6 T, to yield 


— 77 

£s,ki„ = + h.c. + O (A") + 


(113) 


The gauge-independent part of the scalar potential ([9]) can also be expanded to reveal the 
interaction terms: 
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ij 
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Vs 


2VS 
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JK 


B^ 


2VS 

BVl + CVl 




6\/3 




+ h.c. + 0{A) + ■■■ . 


6\/3 


4\/3 


(114) 

Here the coefficients are as dehned in (l85ll . and the C^l cire sector-dependent 

functions of the bilinear coupling constants of the superpotential given by 


Ckl — — (3 -|- {nj + rij — S){nK + ul — S))W^'^Wlk 

+ (n, + - 3)SiW"''WMK- 


(115) 


Note that this expression assumes rij = 1 when I represents an untwisted held (see below). 
We have ignored the couplings to 0i (or ipi), due to the fact that this held, when coupled 
to T, possesses a mass equal to the inhaton mass m, and therefore the decay of T to 0i 
((pi) is kinematically forbidden. 

At tree level, the equation of motion for the conjugate matter helds may be substituted 
in (I113p . To quadratic order, the tree-level contribution from the Kahler potential for 
untwisted matter helds has the same form as that of twisted matter helds with unit modular 









weight, 


K D -Slog It + T 


I0i 


-31og {T + f)+Yl 




T + T 


+ ••• 
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Therefore, at this level we can define rij = 1, where i rnns over all nntwisted matter fields. 
The effective Lagrangian, inclnding the contribntions from (I113p and (11141) . can then be 
written as 

^rp 

+ nL- S)W^^Wlj^i¥ 

v3 


ST 

2^/3 

ST 


{ni + nL- S)W^^Wljk^i^^^ 


\J^K 


{rij + nj + nL- S)W^'^^Wlk^i^j^ 


\K 


2\/3 

^{nj + nL- 
V3 

^{nj + nL- 

ST 


{ni + nj Tul- S)W^-^^Wlkm^i^j^^^ 


\K^M 


4\/3 

ST 

6 ^/S 

ST 

12^/3 


{rij + rij + riK + riL — S)W^‘^^^Wlm^i^j^k^ 


\M 


(117) 


(n, + nj - 3)(9 + [n, +nj - l)(nx + nt, - 


Under the assnmption that the masses of all scalar matter helds are hierarchically smaller 
than the inflaton mass, rrij <C m, the two-body decay rate can be computed immediately: 

r(r^»,4^) = -3)^^;^. (118) 

where a sum over the repeated index L is implied. This rate is dependent on the matter 
sector to which the decay products belong, and is weak-scale suppressed in the case of 
MSSM scalars. For example, the rate for decay to two Higgs bosons is 

r(T^17„,,l?”P = (2„„-3)^^^. (119) 

where denotes the MSSM bilinear Higgs coupling. These two-body rates lead to an 
extremely low reheating temperature: for an inflaton mass m rsj 10 ^Mp, and ~ 1 TeV, 
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Tr rsj 10 ^ eV. In the three-body case, the decay to light scalars is given by the widths 




r(T ^ = {m + nL- 3f 


12(87r)3M|, ’ 


r(T -)■ = {rij + rij + riR - 3) 


,\W^-^^WLK\^m 


( 120 ) 

( 121 ) 


In particular, the decay to the neutral d-type Higgs and the left and right stops has the 
rate 


r(T —)■ H^tRtL, H^tRii) — [{2nH — 3)^ -|- {2nt + ur — 3)^) 


4(87r)3M|, ’ 


( 122 ) 


where yt denotes the top Yukawa coupling. The corresponding reheating temperature is 
also low, in the MeV range. The rates corresponding to four-body decays are the largest, 
despite the phase-space suppression. The decay width 


,K^M. . . , „ ^,2\W’^'-WlKm\V 


T(T = (n, + nj + n^- 3)'- 


72(8ir)H/i 


(123) 


for which we have disregarded the bilinear couplings, implies the following decay rate to 
four stops 

r(T ^ tijtLtRti) = {2nt + nH - (^24) 

which corresponds to 

T«= |2n, + nH-3|(10^GeV)(7-'/"|l/,|2(^^-^)3/2. (125) 


Thus, as long as the matter helds do not reside in the untwisted sector (for which Uj = 1 
and the rate vanishes), we obtain an adequate reheating temperature. The preceding rates 
may be modihed if there are direct couplings between the modulus T and the matter sector. 
A multiplicative coupling of the form 


ITd (7(T)1Tm(0,V^) (126) 

respects the form of the inflaton potential in the absence of linear terms in ITm- Assuming 
for simplicity that g{l/2) = 1, the addition of the factor g{T) to the matter superpotential 
results in rates proportional to those obtained for constant g{T), for a given sector. In 
particular, for the effective Lagrangian flll7p it amounts to the substitution 

{nR + ---+nL-3)W^^^^-^WLj,j,... (n,, + -• •+nz.-3 + (?'(l/2))lT^i^--^lTij,j,,... (127) 

Therefore, the decay rates shown previously are enhanced by a factor of \g'{l/2)\‘^, at most. 
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5.2.2 Decays to matter fermions 


The direct decays of the volume modulus T to fermions are determined by the couplings 
arising from the fermion kinetic term, the fermion mass matrix and the fermion-scalar 
interactions of the supergravity Lagrangian. The relevant couplings stemming from the 
fermion kinetic term (19^ are shown in (11281) below. Similarly to the scalar case, the 
interactions are diagonal with respect to matter held indices: 


1 1 71 

^F,kin = XiLl^d.xl - XaLl^d.xl + h-C- + ^(A^) + • • • . ( 128 ) 

The interaction terms derived from the fermion mass matrix and the fermion-scalar inter¬ 
actions fl9T|l correspond to 




int — 


^XiL($iT)xi + + ^stw’-’xilxjr 

+ ^5T W‘-"<<S>kXilX jr + h.c. + C>( a") + ... . 


(129) 


In analogy with the scalar case, at tree level the equation of motion for the fermion helds 
may be substituted in (11281) and (11291) . Additionally, one must consider the fermion- 
dependent part of the equation of motion for the scalar helds in (llldh . Identifying Uj = 1 
for all untwisted matter helds, the ehective interaction Lagrangian for fermion decays can 
be written as 




6 T 

2x/3 


{ni + nj- 3 )W^-^xilXjr 


+ nj + nK - ^)W^-^^xilXjr^k H-• 


(130) 

Assuming negligible masses for all hnal states, mj -C m, the rates for two-body decays to 
matter fermions take the form 


r(T ^ X,XJ) = {n, + nj- (131) 

which are (1/4) times the rate for three-body decays into scalars. The dominant rates are 
for three-body decays involving two fermions and one matter scalar are, 

r(T -)■ XiXj^k) = {ni + nj + nK - ^)^ 3g(-3^^3jvf2 ' 


which are non-vanishing in the MSSM so long the helds are twisted with weights n* 7 ^ 1. 
In particular, in the case of the top quark it implies the decay rate 


r(T —)■ 


{2nt + nH - 3)^ 




(133) 


which is somewhat larger than the four-scalar decay rate (I124p because of the three-body 
phase-space factor. 
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5.2.3 Decays to supersymmetry-breaking moduli and the gravitino 


The volume modulus T can also decay into the moduli responsible for the breaking of 
supersymmetry, with an amplitude that depends on the details of the inflationary and 
supersymmetry-breaking sectors. We consider hrst breaking by a hidden-sector untwisted 
matter held z, with the cubic superpotential (1671) . The direct decay is mediated by the 
effective Lagrangian 

ST 

C-z = 7) ^3/2^^ + h-c. -|- C>(A^) (134) 


where 7 is a constant that depends on the inhationary model: 7 = 8 for the (T, 0i) super¬ 
potential flT^ . and 7 = 6 for the (T, ipi) superpotential fl271) . All terms shown explicitly in 
(11341) are comparable and lead to the decay rate 


r(T ^ zz) 


(4 

487rM|, 


(135) 


The coupling of T to z in the ehective potential implies that, at the global supersymmetry 
breaking minimum, (G^) 7 ^ 0. Therefore, the direct decay of T to the gravitino is allowed. 
In the unitary gauge, this process is in general mediated by the Lagrangian fl97|) . In the 
present case of supersymmetry breaking by z, the couplings are suppressed by the ratio of 
the gravitino mass to the inhaton mass. A: 


A/2,. = -^(82-137)A2 






+C>(A^) + --- . (136) 


The decay rate can be readily evaluated to yield 

r(r ^ «l 3 / 2 V> 3 / 2 ) ^ (82 - . (137) 

The decay widths (113511137p are suppressed by powers of the ratio of the gravitino mass to 
the inhaton mass. A, relative to the three-body matter decays (I133p . 


r(T ^ 020^) 
r(T ^ EltjJn) 


10 ^A^ , 


r(T —>■ V’3/2V’3/2) 
r(T ^ HltEn) 


lO^A^, 


(138) 


and hence are relatively unimportant for reheating. 

One can also consider the scenario in which supersymmetry is broken by a strongly- 
stabilized Polonyi modulus in the twisted sector with superpotential (143p . In this case, the 
couplings between the inhaton T and the Polonyi held z are given by 


Lz = —5V3ml/2^Tzz — AV3my2^Tzz — 12\/3 


m: 


3/2 


A? 


6 Tzz + h.c. + C>(A^) + ■ ■ ■ . (139) 
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Since -C 1, the dominant decay channel corresponds to zz^ with a rate 


r(T ^ zz) 


27 

w A* 


(140) 


The decay of T to the gravitino in the Polonyi scenario is mediated by the following 
couplings: 


^3/2,z — 


3\/3 


(4 - 37)ArA= 




+ ims/2ST 


+ 


(141) 


where now 7 = 0 for the (T, (pi) superpotential ([27]), and 7 = 1 for the (T, 0i) superpotential 
ffT 6 |) . In the latter case the amplitude is further suppressed by the factor A^. The width is 
then given by 


r(T —)■ '03/2'03/2) — (4 — 37 )' 


A, \ 3A^m^ 




2567rM2 


(142) 


It is straightforward to verify that the decays of T to the Polonyi modulus and to the 
gravitino in this scenario are negligible relative to the matter decay 


r(T^H«tPa) \AZMpJ • 


r(T ^ 'Ip3l2'4’3l2) -in3A2 f 

r(r ^ HShh) ~ ^ [m) 


(143) 


The decays to a single gravitino and a fermion belonging to a chiral mult ip let are me¬ 
diated by the interaction terms (llOOh . It is straightforward to show that the amplitudes for 
the decays with a hnal-state matter fermion vanish up to (P(A^). The only non-vanishing 
couplings with T are those with the inflatino and the 0i or (pi-ino. The corresponding am¬ 
plitudes are dependent on the supersymmetry-breaking mechanism. However, in all cases it 
can be shown that the decay rates to kinematically-allowed hnal-state mass eigenstates are 
suppressed by a factor of A^: P ~ A^(m^/Mp), due to the mass degeneracy m—m^ ~ 1713 / 2 . 

In the absence of a direct coupling of T to the gauge degrees of freedom, i.e., = 0, 

where fap is the gauge kinetic function, the total decay rate of the inhaton is the sum of 
the rates previously shown. The largest width corresponds is that to two matter fermions 
plus a matter scalar, (I133p . which implies the reheating temperature 

rH = (10*GeV)|„(2„, + „«- 6 )|(^j (^ 5 ^) . (144) 


5.2.4 Decays to gauge bosons and gauginos 

The inhaton T can decay to gauge helds and gauginos through a coupling in the gauge 
kinetic function /q,^(T), which, as was mentioned before, is a generic feature of heterotic 
string ehective held theories [TT1|60]. The supergravity Lagrangian terms containing the 
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relevant interactions are given by fllObh . disregarding contribntions snppressed by the gang- 
ino masses. The decay width to the canonically-normalized gange boson pairs is readily 
evalnated, resnlting in 


dl 




Ng 

12 


m 

Ml' 


(145) 


where Nq is the nnmber of final states: Nq = 12 for the Standard Model, and dg^T has 
been defined in flllOp . The corresponding reheating temperatnre is 


Tr = {3x 10^ GeV) dg^T 




-1/4 


m 


10-^Mp 


3/2 


(146) 


The coefficient dg^T might well be 0{1), e.g., for a gange kinetic fnnction linear in T with 
0{1) coefficients, in which case all other decay channels of the volnme modulus T would 
be overwhelmed by the decays to gauge bosons, and the reheating temperature would be 
large. The effective reheating temperature generated by decays into gauge bosons would 
exceed that due to decays into matter particles, fll44p . for any dg^T ^ 0(1/30). 

On the other hand, the decays of T to gauginos are subdominant. Our results differ 
from the treatment of [61], in that in our case the mass of the modulus T is determined 
not by the bilinear coupling which has a vanishing vev, but by the coupling or 

results in an amplitude for decay to gauginos that is suppressed by A relative 
to the amplitude for the decay to gauge bosons. Assuming for simplicity that f(T) is a 
holomorphic function with real coefficients, the corresponding decay rate is 


r(T ^ ~g~9) 


167r \ 12 J Ml' 


(147) 


A similar suppression for the decay to gauginos was seen in [59] . 


6 Summary and Prospects 

We have considered in this paper various aspects of no-scale inflation, considering two main 
classes of models: those in which the inflaton is identihed with an untwisted matter held </>, 
and those in which the inhaton is identihed with the compactihcation volume modulus T. 
We have focused on two important phenomenological issues: possible patterns of soft super- 
symmetry breaking, and inhaton decays and the related reheating temperature of the Uni¬ 
verse subsequent to inhation. We have considered in Section 4 various possible mechanisms 
for supersymmetry breaking, including via the volume moduli and the Polonyi mechanism. 
These mechanisms yield many possibilities for the soft supersymmetry-breaking parameters 
ehective low-energy theory. In general, the patterns of soft supersymmetry breaking for 
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the untwisted and twisted matter sectors are different. For example, no-scale, CMSSM or 
mSUGRA boundary conditions are natural possibilities in the untwisted sector, whereas in 
the twisted sector the soft supersymmetry-breaking parameters are not universal in gen¬ 
eral, since they depend on the modular weights of the fields. As usual, the gaugino masses 
would in general arise from a non-minimal gauge kinetic function or through loop effects 
via anomalies. Observation of supersymmetric particles at the LHC or elsewhere followed 
by studies of the pattern of supersymmetry breaking could give valuable insights into the 
form of no-scale inflationary model and the assignments of matter particles as well as the 
inflaton. 

In Section 5 we have considered inflaton decays in the same two classes of models, 
namely when the inflaton is the untwisted matter field 0 , and when the inflaton is the 
volume modulus held T. The reheating temperature could in principle be larger in the 0 
inhaton case, namely 0(10^^) GeV, if there is an 0{1) trilinear superpotential coupling 
between 0 and light matter helds, as might occur in a neutrino inhation scenario, see fl9T|) 
and (l96|) . A similar reheating temperature could in principle also be generated by decays 
into gravitino and modulino pairs, see (I102p . However, the gravitino problem imposes a 
non-trivial upper limit on the reheating temperature, and hence on the possible trilinear 
superpotential, moduli and gravitino couplings. On the other hand, the reheating tem¬ 
perature is naturally considerably smaller in the T inhaton case, namely (9(3 x 10®) GeV, 
with the dominant decays being into three-body matter hnal states, see fll33p . whereas 
decays into gravitinos are expected to be much smaller (I143p . We note, however, that in 
both scenarios decays into gauge bosons may also yield reheating temperatures as large 
as 10^° GeV, depending on the form of the gauge kinetic function, see Eqs. fllOSp and 
fll46p . This provides a possible link between the supersymmetry-breaking mechanism for 
generating mi /2 7 ^ 0 and the thermal history of the Universe. 

As commented in the Introduction, the values of the cosmic microwave background 
observables Ug and r are sensitive to the number of e-folds during inhation, V*, which 
is in turn sensitive to the reheating temperature. Thus, there is in principle a connection 
between accelerator physics and inhationary cosmology via supersymmetry breaking, which 
may also cast light on the nature of string compactihcation. However, detailed exploration 
of this fascinating connection lies beyond the scope of this paper. 
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